Osteogenesis occurs in porous hydroxyapatite (HA) when porous HA blocks combined with marrow mesenchymal cells are grafted in vivo. In vitro bone formation occurs in HA pores when HA combined with marrow cells is cultured in osteogenic medium containing dexamethasone. This cultured bone/HA construct possesses higher osteogenic ability when it is grafted in vivo. In the present study, we compared the osteogenic potential of a cultured bone/HA construct with that of a marrow mesenchymal cell/HA composite. Marrow cells were obtained from the femoral bone shaft of 7-week-old, male Fischer 344 rats and were cultured in T-75 flasks. Cells were concentrated, then frozen and stored in liquid nitrogen for 6 months. The cryopreserved cells were then thawed and prepared for subculture in porous HA (5 × 5 × 5 mm, Interpore 500) and for implantation with porous HA. After 2 weeks of subculture, three cultured bone/HA constructs were separately implanted in the right side of the back of each syngeneic 7-week-old male Fischer rat, and three thawed cell/HA composites (without subculture) were separately implanted in the left side. These implants were harvested at 2 or 4 weeks postimplantation, and prepared for histological, biochemical, and genetic analysis. Alkaline phosphatase activity and osteocalcin content of cultured bone/HA constructs were much higher than those of the cell/HA composites at 2 and 4 weeks postimplantation. Histological examination and gene expression data agreed with these findings. The culture technique discussed herein should facilitate the development of biosynthetic bone implants with higher osteogenic capacity.
INTRODUCTION
(18), started to increase 3 weeks after implantation and remained high 8 weeks after implantation. These find-Numerous studies have reported that marrow tissue ings suggest that significant osteogenesis occurs 3 weeks contains cells that can regenerate bone and various tisafter implantation, and that marrow cells are capable of sues (6, 11, 17) . In the past, we combined fresh rat marbone regeneration. However, the number of osteogenic row cells with porous hydroxyapatite (HA) blocks and cells in marrow tissue is low, and because a large quanthen grafted the cultured blocks into the subcutaneous tity of marrow cells is needed for osteogenesis, it is not tissue of syngeneic rats (18). We investigated osteogenpractical to use marrow cells in bone regeneration in esis by excising the HA blocks 1, 2, 3, 4, 6, or 8 weeks clinical settings (17). after implantation. The results of histological analyses When a fresh marrow solution is incubated in a culrevealed that osteogenesis was beginning at 3 weeks after tured artificial bone dish, hematopoietic cells, such as implantation, and that mature bone tissue (intramembraerythrocytes and leukocytes, become free and float to nous ossification) formed directly on the surface of the the top. Consequently, hematopoietic cells can be elimi-HA block without cartilage. Osteogenesis advanced even nated during culture medium exchange, but some cells after the third week, and at 8 weeks after implantation adhere to the dish and multiply. These adherent cells osteogenesis was seen in almost all HA pores. The alare called marrow mesenchymal cells and are thought to kaline phosphatase (ALP) activity, which indicates osinclude stem cells that are able to differentiate into other teoblast activity, was significant starting 2 weeks after cells, and cells that repair tissue. With proper culture implantation. The level of osteocalcin, which is a bonetechniques, it is possible to grow cells that are useful for specific matrix protein correlating to bone mass levels bone regeneration. After collecting bone marrow from 358 IIDA ET AL.
rat femurs and multiplying marrow mesenchymal cells, tured in standard culture medium [(SCM, minimal essential medium (MEM) containing 15% fetal bovine se-a cell suspension is prepared by detaching cells using trypsin, and when porous HA is cultured with this cell rum and antibiotics]. After 10 days of primary culture, the culture was treated with 0.1% trypsin, causing the suspension and then implanted in vivo, osteogenesis is seen 3 weeks after implantation (4, 19) . Therefore, it is adhering cells to float free. The fluid containing the floating cells was centrifuged at 900 rpm for 5 min. At possible to enhance the bone regeneration ability of fresh marrow cells by incubation.
room temperature, the cellular component was resuspended in cell preservation fluid at a density of 10 6 cells/ Maniatopoulos et al. cultured rat marrow mesenchymal cells using a medium containing compounds such ml. The fluid was divided into 1-ml units and stored at −4°C for 1 h, then at −20°C for 1 h. These units were as dexamethasone and β-glycerophosphate, and reported formation of bone-like tissue on the culture dish (7) .
then flash-frozen in liquid nitrogen at −196°C. Under these conditions, the 1-ml units were preserved for 6 This cultured bone-like tissue was morphologically similar to physiological bone in that calcified matrix was months in liquid nitrogen, after which time the cryopreserved marrow cells were quick-thawed at room tem-seen in the extracellular space, and there were some osteoblasts (2, 3) . Also, it was reported that the cultured bone perature. matrix possessed a bone morphogenetic protein (BMP)-Cryopreserved Marrow Cell Culture like activity (7) . The results of biochemical analyses showed that the cultured bone matrix contained high
To determine whether the cryopreserved marrow cells exhibited osteogenic potential, the cells were cul-levels of calcium and osteocalcin, and a high level of ALP activity was detected from the cells (20). Further-tured and stained for ALP. Thawed cells were cultured for 2 weeks and in SCM followed by subculture for 2 more, significant gene expression for various bone matrix proteins has been confirmed from cultured bone tis-weeks in SCM containing 10 mM Na β-glycerophosphate, 82 µg/ml vitamin C, and 10 −8 M dexamethasone. sue (16). We previously reported that cultured bone tissue has high-level biological functions like the physi-During subculture, the culture medium was changed three times a week. ological bone, and that a cultured bone/HA construct, which is similar to autologous bone, could be prepared Cryopreserved Marrow Cell Culture in Porous by culturing bone tissue with HA (21-25).
HA and Implantation As mentioned above, cultured bone/HA constructs made with cultured bone tissue possess high osteogenic
In the subculture (+) group of cultured bone/HA constructs, thawed cells were cultured in SCM. The cultured potential. Nevertheless, it remains unclear whether bone regeneration can be achieved following implantation by bone/HA constructs were prepared as we previously reported (22). Briefly, after 1 week, marrow mesenchymal culturing and grafting differentiated osteoblasts or undifferentiated marrow mesenchymal cells. When compared cells were released from their culture substratum using 0.1% trypsin. The cells were concentrated by centrifuge to differentiated osteoblasts, undifferentiated mesenchymal stem cells more readily proliferate, and thus when at 900 rpm for 5 min at room temperature, resulting in 10 6 cells/ml. The HA blocks (n = 24, 5 × 5 × 5 mm, In-implanted in vivo, active tissue regeneration can be expected. It may be possible to increase the osteogenic terpore 500, Interpore International, Irvine, CA) were soaked in 4 ml of cell suspension (10 6 cells/ml) for 2 h potential of differentiated osteoblasts by culturing cells in an osteogenic culture medium containing compounds in CO 2 incubator. After 2 h of incubation, each block was transferred such as dexamethasone, but before this type of graft can be used in humans, it is necessary to prove the efficacy into a 24-well plate (Falcon) for subcultures. One HA block was subcultured in one well with 1 ml of osteo-and to gather sufficient data. However, there has not yet been a study that compared osteogenic potential between genic medium consisting of standard medium supplemented with 10 mM Na β-glycerophosphate (Merck), 82 the cultured bone/HA construct (artificial bones cultured with marrow mesenchymal cells) and marrow cells/HA µg/ml vitamin C phosphate (L-ascorbic acid phosphate magnesium salt n-hydrate, C 6 H 6 O 9 PMg 2/3 ؒnH 2 O, Wako composites (artificial bones mixed with marrow mesenchymal cells). In the present study, we quantitatively in-Pure Chemical Industrials) and 10 −8 M dexamethasone (Dex, Sigma), in order to prefabricate bone tissue on the vestigated the usefulness of bone constructs in bone regeneration.
surfaces of porous HA blocks. After 2 weeks of subculture, three cultured bone/HA constructs were separately MATERIALS AND METHODS implanted into the right side of the back of each synge-Preparation of Cryopreserved Marrow Cells neic 7-week-old male Fischer rats (n = 8).
In the subculture (−) group of marrow cells/HA com-Marrow cells were obtained from the femoral bone shaft of 7-week-old, male Fischer 344 rats and were cul-posites, before implantation, thawed cells were cultured in SCM. After 1 week, marrow mesenchymal cells were Prehybridization and hybridization of the blots were carried out at 68°C in QuickHyb TM solution (Stratagene, released from their culture substratum using 0.1% trypsin. The cells were concentrated by centrifuge at 900 CA) for 20 and 120 min, respectively. Posthybridization washes were performed in 2 × 0.15 M NaCl, 0.015 M rpm for 5 min at room temperature, resulting in 10 6 cells/ml. The HA blocks (n = 24) were soaked in 4 ml of trisodium citrate, pH 7.0 (SSC), and 0.1% sodium dodecyl sulfate (SDS) at room temperature and in 0.1× SSC cell suspension (10 6 cells/ml). Three cell/HA composites (without subculture) were separately implanted in the and 0.1% SDS at 60°C. Probes used for Northern blot hybridization were left side of the back (eight rats).
In the control group, six HA blocks (without cells) cloned rat osteocalcin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. Probes for osteocalcin was subcutaneously implanted into two rats.
At 2 or 4 weeks postimplantation, rats were sacrificed and GAPDH were kindly provided by Dr. Price (Department of Biology, University of California, San Diego) and the implants of three groups were harvested and prepared for histological, biochemical, and gene expression and Dr. Iwano (1st division of Internal Medicine, Nara Medical University), respectively. The DNA probes analyses.
were labeled with [ 32 P]dCTP by the random primer la-Measurement of ALP Activity beling method (Ready to Go, Pharmacia, Biotech Tokyo, Japan) (16). After analyzing for rat osteocalcin mRNA, The retrieved implants were homogenated with 1 ml 0.2% Nonidet P-40 and centrifuged at 13,000 rpm for bound radioactive cDNA on the membrane was removed after treatment in 200 ml of 1 mM Tris-HCl (pH 8.0) 10 min at 4°C. The supernatant was assayed for ALP activity using p-nitrophenylphosphate as a substrate. An containing 1 mM EDTA (pH 8.0) and 0.1× Denhardt's reagent for 2 h at 75°C and rehybridized consecutively aliquot (5 µl) of supernatant was added to 1 ml of 50 mM p-nitrophenylphosphate containing 1 mM MgCl 2 with 32 P-labeled rat GAPDH cDNA. Hybridization to the GAPDH housekeeping gene served as an internal con-and the mixture was incubated for 30 min at 37°C. The reaction was stopped by adding 2 ml of 0.2 N NaOH trol to ensure equivalent loading and transfer of RNA. Visualization and quantification of osteocalcin and and the absorption at 410 nm was measured using a spectrophotometer. ALP activity was calculated in terms GAPDH mRNA signals were performed using a BAS 1000 image analyzer (Bioimaging Analyzer BAS1000 of µmol p-nitrophenol released per composite after 30 min of incubation at 37°C.
MacBAS ver. 1.0, Fuji Photofilm Co., Ltd. Tokyo, Japan). The intensity of osteocalcin mRNA was divided Osteocalcin Measurement by that of GAPDH mRNA for each of the RNA samples. Osteocalcin was extracted from the sediment after the RESULTS extraction of 0.2% Nonidet P-40 in 10 ml of 20% formic Histological Findings acid for 2 weeks at 4°C. An aliquot (2 ml) of the formic acid extract was then applied to a column of Am-At 2 weeks after implantation, osteogenesis was not pure TM SA (Amersham Japan, Tokyo, Japan) and eluted seen for the HA grafts or the cell/HA composites. Howwith 10% formic acid. Protein fractions were collected, ever, with the cultured constructs, osteogenesis was seen lyophilized, and prepared for immunoassay of intact rat inside HA pores, and there were numerous active osteoosteocalcin, as described previously (9,18). Protein fracblasts on the surface of bone tissue (Fig. 1) . At 4 weeks tions were collected, lyophilized, and prepared for after implantation, osteogenesis was not seen for the HA ELISA of intact rat osteocalcin, according to the method graft, but was seen in several HA pores for the cell/HA of Ohta et al. (9). composites. On the other hand, with the cultured bone/ HA constructs, active osteogenesis was seen, and mar-Northern Blot Analysis of ALP and Osteocalcin row tissue regeneration was also observed (Fig. 2) . The subcultured marrow/HA constructs or nonsub-Biochemical Analysis cultured marrow/HA composites from two rats were harvested at 2 and 4 weeks after implantation and prepared At 2 and 4 weeks after implantation, significant ALP activity, which is indicative of osteoblast activity, was for Northern blot analysis. After homogenization of the harvested constructs, Isogen (RNA extraction kit, Nip-detected for the cell/HA composites and the cultured bone/HA constructs. However, the ALP activity for the pon Gene Co., Tokyo, Japan) was used to prepare total RNA. Denatured total RNA (10 µg) was placed in 4-mm cultured bone/HA constructs was about four times greater than that for the cell/HA composites at 2 weeks after slots and separated by electrophoresis on 1.2% agaroseformaldehyde gels, transferred onto nylon membranes implantation and about three times greater at 4 weeks after implantation. No significant ALP activity was ob-(Hybond-N+, Amersham, Tokyo, Japan), and fixed by UV cross-linking (UV crosslinking RPN2500 Amersham).
served for the HA grafts. Hence, the osteoblast activity for the cultured bone/HA constructs was higher than that the cultured bone/HA constructs were about 27 times higher than those for the cell/HA composites (Fig. 4 ). for the cell/HA composites at 2 and 4 weeks after implantation ( Fig. 3) .
At 4 weeks after implantation, osteocalcin levels for the cultured bone/HA constructs were about 7 times higher Osteocalcin levels correlate with bone mass levels, and at 2 weeks after implantation osteocalcin levels for than those for the cell/HA composites. Like the above- mentioned histological findings, these quantitative bio- structs. The levels of these biochemical markers for the HA grafts were not significant at 2 or 4 weeks after implantation. posites, ALP activity was used as a measure of osteo-Gene Expression of ALP and Osteocalcin blast activity. In the cultured bone/HA constructs, ALP activity was four times greater at 2 weeks after implanta-Even 4 weeks after implantation, no significant gene tion and three times greater at 4 weeks after implantaexpression for ALP or osteocalcin was observed with tion. Furthermore, levels of osteocalcin, which correlate the HA grafts. With the cell/HA composites, there was to bone mass, for the cultured bone/HA constructs were significant gene expression for ALP at 2 weeks after 27 times greater at 2 weeks after implantation and 7 implantation, but not for osteocalcin ( Fig. 5 ). At 4 weeks times greater at 4 weeks after implantation. These quanafter implantation, significant levels of gene expression titative data clarify that cultured bone/HA constructs exwere seen for osteocalcin and ALP. On the other hand, hibit a high osteogenic potential soon after implantation. there were significant levels of gene expression for os-Osteogenic potential was particularly high at 2 weeks teocalcin and ALP with the cultured bone/HA constructs after implantation. Histological findings supported the at 2 weeks after implantation, and the levels of gene biochemical findings, and the results of gene analyses expression for osteocalcin and ALP were even higher at demonstrated active expression of ALP and osteocalcin. 4 weeks after implantation.
These findings suggest that activated bone regeneration DISCUSSION works at the gene level and, as a result, cultured bone/ HA constructs were shown to have a high osteogenic In the present comparison of osteogenic potential between cultured bone/HA constructs and cells/HA com-potential at all stages of cell-induced bone regeneration
year after implantation (22,23). Starting at 1 week after implantation, the presence of osteocytes and osteoblasts was histologically confirmed. When calcein was injected intramuscularly at 1 week after implantation, its uptake was linear, not diffused, thus suggesting mature lamina bone formation. The results of biochemical analyses showed that ALP activity was high beginning at 1 week after implantation, reaching a peak at 2 weeks after implantation and remaining high from 8 weeks to 1 year after implantation. Levels of osteocalcin were elevated starting at 1 week after implantation, remaining high from 2 weeks to 1 year after implantation. Artificially regenerated bone tissue generally tends to be resorbed with time, but the results of histological analyses showed that mature bone and marrow tissue remained even 1 year after implanting a cultured bone/HA construct. Fur- The results of gene expression analyses showed that, expression for osteocalcin and ALP were even higher at 4 weeks after implantation. at 1 and 2 weeks after implantation, gene expression of ALP and osteocalcin for the cultured bone/HA constructs were comparable to cancellous bone, and high levels of osteoblast activity was confirmed (24) . The in terms of gene expression, protein expression, and histomorphological findings. cancellous bone collected from bones such as the ilium is rich in osteogenic cells, and, as a result, the ilium is When bone marrow cells are cultured in an osteogenic culture medium containing compounds such as most frequently used in autologous bone grafting. However, harvesting bone from the ilium is very painful for dexamethasone, marrow mesenchymal cells differentiate into osteoblasts and produce bone matrix in the extracel-patients, and the severity of pain at the site of bone harvest is often greater than that at the grafted site, thus lular space (2, 3) . This extracellular matrix consists of collagenous and noncollagenous mineralized matrixes.
lowering patient quality of life. In addition, managing the pain caused by bone harvesting is often difficult for The collagenous mineralized matrix accounts for the majority of the cultured bone matrix, and contains bone patients and physicians, and it has been reported that pain can persist for more than 1 year after grafting (13). morphogenetic protein, which induces bone regeneration, and osteocalcin, which is a bone-specific protein.
Autologous bone grafting is ideal with regard to bone regeneration, unknown infections, and immunological In biological bone tissue, the noncollagenous mineralized matrix corresponds to a cement line between exist-rejection (1, 8, 10, 14) . However, autologous bone harvesting damages healthy tissue and causes pelvic defor-ing and new bone, and it is the first calcified tissue formed during bone formation. It has been reported that mation, and, as mentioned above, pain due to bone harvesting and size limitation in bone harvesting need to be when bone marrow cells are subcultured in an osteogenic culture medium containing dexamethasone, differ-taken into account. On the other hand, with cultured bone/HA constructs, autologous bone marrow cells are entiated osteoblasts form a cement line with artificial bone, and a collagenous matrix forms on top of this.
harvested by a minimally invasive procedure (bone marrow aspiration) and incubated with an artificial bone ma-Therefore, cultured cells adhere to artificial bone, and then the initial process of bone formation is completed terial to produce a bone construct that is similar to an autologous bone graft. Hence, with cultured bone/HA when the cells are subcultured with the artificial bone (21). Consequently, when a construct is implanted, ves-constructs, there is no pelvic deformation or harvest site pain, and it is possible to produce a large implant. sels are quickly formed, thus allowing mature bone tissue to be regenerated.
Marrow cells can be harvested from the ilium in the form of a cell suspension by aspiration and can easily Using these cultured bone/HA constructs, osteogenesis was assessed at 1, 2, 3, 4, and 8 weeks as well as 1 be cultured (26). Unlike cells harvested from tissue frag- 
